The function of cardiomyocytes is markedly altered during heart development as revealed by dramatic morphological changes. The resting membrane potential is gradually hyperpolarized in the middle embryonic period. The action potential duration is shortened through the embryonic and postnatal periods. These developmental changes have been reported to relate to the alternation of expression and the characteristics of ion channel molecules in the surface membrane [1] . Besides electrophysiological changes, the excitationcontraction (E-C) coupling in immature cardiomyocytes is also different from that in mature cardiomyocytes. In the 1980s, sarcoplasmic reticulum (SR) has been reported to be scarce. Therefore the contraction of immature cardiomyocytes has been thought to be dependent only on Ca 2ϩ -influx, probably through Ca 2ϩ channels in the surface membrane. Recently, new technology to observe intracellular Ca 2ϩ movement, i.e., a confocal laser microscope, provides temporal and spatial distribution of Ca 2ϩ during E-C coupling in cardiomyocytes [2] . The present paper reviews a new interpretation about developmental changes in the E-C coupling of cardiomyocytes.
Ca

2؉ influx in the developmental period
For the contraction of heart muscles, a Ca 2ϩ -influx from extracellular space is required because the removal of Ca 2ϩ from extracellular solution abolishes cardiac contraction. The main pathway of Ca 2ϩ influx through a surface membrane is the dihydropyridine (DHP)-sensitive L-type Ca 2ϩ channels. A similar observation about Ca 2ϩ influx is still important for the contraction of immature heart muscle. Therefore developmental changes in the Ca 2ϩ channel influenced the E-C coupling in immature cardiomyocytes.
The current density and the opening and closing be-Key words: development, heart, Ca channel, Ca spark, E-C coupling.
Abstract:
The excitation-contraction (E-C) coupling system during the development of heart can be investigated because of marked progression in electrophysiology and microfluorescence studies. During the developmental period, Ca 2ϩ influx mediating the E-C coupling is mainly through the L-type Ca 2ϩ channels. In the fetal period, T-type Ca 2ϩ channels and the reverse mode of the Na-Ca exchange system also contribute to Ca 2ϩ influx. These contributions probably reduce gradually until adulthood. 
Development of Excitation-Contraction Coupling in Cardiomyocytes
havior of Ca 2ϩ channels change during development. In chick embryonic heart, the density of peak Ca 2ϩ current is already high at 3 d and decreases at 17 d [3] . In rat and mouse hearts, the density of Ca 2ϩ current increases during fetal development and reaches its maximal level at about the day of birth [4] [5] [6] . However, in guinea pig and rabbit hearts, the density at birth is not as high as that for adults [7] [8] [9] , i.e., the Ca 2ϩ current density gradually increases from fetus to adult. Furthermore, the recovery from inactivation is slowed in neonatal rabbit cardiomyocytes, suggesting a relative deficiency of Ca 2ϩ channels at birth [8, 10] . The developmental increase in the Ca 2ϩ current after birth appears to be promoted by innervation with sympathetic neurons, especially through the ␣-adrenergicdependent mechanism [11] .
No apparent shifts of steady-state activation and inactivation curves are observed during the ontogeny of embryonic chick and postnatal rabbit [3, 4] . In contrast, the smaller window current in immature rabbit hearts is also reported [10] . In rat ventricular cells, the window current is augmented in neonatal vs. adult as a result of a positive shift of the steady-state inactivation ( f ) curve in neonatal cells [4] . Moreover current is relatively abundant in the conduction system, such as sinoatrial nodal cells and Purkinje cells, whereas it is negligible (or absent) in some ventricular cells (e.g., rat and mouse). In immature or developing cardiomyocytes, the appearance of T-type Ca 2ϩ current is relatively high. For example, during the postnatal development of rat atrial myocytes, the density of T-type Ca 2ϩ current is well correlated with growth rate [12] . It appears that an increased expression of Ttype current is closely related to cellular growth and/or hypertrophy. Recently, the T-type current in murine fetal myocytes consists of a pore-forming ␣ 1G subunit [13] .
Besides L-type and T-type channels, another type of Ca 2ϩ channel, the F type (fetal type), is proposed to be present only during the fetal period of rat ventricles [14] . The F-type channel current is resistant to DHP Ca 2ϩ antagonist nifedipine, a blocker of the L-type channel. Neither T-type blockers (Ni 2ϩ , tetramethrine) nor an N-type blocker (-conotoxin) inhibits the Ftype channel current.
The DHP-sensitive slow L-type Ca 2ϩ channel usually exhibits very brief openings and closings. Besides this normal behavior, long-lasting openings are often observed in early embryonic chick and fetal rat ventricular cells [3, 15, 16] . The long openings are reminiscent of mode-2 behavior, which becomes more frequent in the presence of Bay K 8644, a DHP Ca 2ϩ channel agonist. The incidence of long openings decreases during development [3, 16] , Thus the mean open time and open probability are higher in 3-d-old embryonic chick cardiomyocytes compared to those that are 17 d old [3] . In human fetal myocytes, the Ltype Ca 2ϩ channel exhibits brief openings [17] . However, it is still possible that it has already matured because the human late fetal heart has finished morphological changes.
In developed myocytes, another pathway of Ca 2ϩ influx has been proposed. Because the relative deficiency in Ca 2ϩ current is observed especially in immature heart, Na-Ca exchange plays a greater role in modulating the Ca 2ϩ influx in the immature myocytes. For example, Na-Ca exchange protein and mRNA expression are maximal near the time of birth and decline postnatally in chick, rat, and rabbit hearts [10] . Similarly, the density of the outward Na-Ca exchange current (i.e., the reverse mode) is highest at birth and decreases during postnatal development [18, 19] . Furthermore, such a Ca 2ϩ influx appears to be sufficient to produce contraction in neonate cells, but not in adult cells [19] . It is quite likely that the abundance of Na-Ca exchange in immature cells compensates for the underdeveloped SR and that its significance in contraction becomes less in association with the maturation of SR. Similar to the maturation of the E-C coupling system, this developmental shift from the Na-Ca exchange-dependent to the SR-dependent Ca 2ϩ handling appears to be controlled by T 3 [20] .
Ca
2؉ transient in immature cardiomyocytes
Regular heart beating is already observed in the very early period of heart development. This finding indicates that an intracellular system of contraction establishes in the early period, as well as cardiac automaticity. However, the E-C coupling process has not been investigated in detail through cardiac development. In particular, the source of Ca 2ϩ for contraction is markedly altered during development. In fetal heart cells, the sarcoplasmic reticulum (SR) is scarce in the electron-microscopic level [21] . Furthermore, isolated SR vesicles from fetal heart have lower volume, lower density, and a decreased capability to load Ca 2ϩ compared to those isolated from mature heart [22] [23] [24] . In pharmacological analysis, ryanodine, an SR Ca 2ϩ release channel inhibitor, has little effect on fetal and neonatal cell contraction of multicellular preparations [21, [25] [26] [27] . On the other hand, several studies have reported the importance of the Ca 2ϩ -influx. The voltage-dependent Ca 2ϩ channels (L type and T type) are thought to be a main pathway of Ca 2ϩ from extracellular space, as described above. In neonatal heart cells, the SR matures and plays a main role as the source of Ca 2ϩ for contraction [10, 28] . Therefore the Ca 2ϩ -induced Ca 2ϩ release through the SR Ca 2ϩ release channel becomes the more important system for contraction. In adult heart cells, most of the Ca 2ϩ for contraction comes from internal SR stores, and Ca 2ϩ influx through the sarcolemma remains the determining factor for contractile force because the Ca 2ϩ influx controls the amount of Ca 2ϩ released. However, the whole story of the development of E-C coupling has not been examined in detail, especially in regard to subcellular and molecular mechanisms.
It is essential to investigate subcellular [Ca 2ϩ ] i dynamics in cardiomyocytes to explore the subcellular mechanism of the E-C coupling. Confocal Ca 2ϩ imaging using Ca 2ϩ -sensitive fluorescence fluo-3 developed in the 1990s allows a visualization of dynamic changes in Ca 2ϩ under high time and spatial resolutions [2] . Now the E-C coupling of cardiomyocytes is reevaluated by the confocal Ca 2ϩ imaging. sparks in the subsarcolemmal region decreased with development. Therefore the sparks initially appear in close proximity to the surface membrane and become prominent throughout the cell during development. On the other hand, a confocal image using membrane-selective fluorescent dye di-8-ANEPPS showed that T tubules start to develop at about postnatal 6 d in the subsarcolemmal region. A close correlation between the developments of Ca 2ϩ sparks and T tubules suggest that T-tubule formation is required to establish Ca 2ϩ spark. As shown above, a Ca 2ϩ spark is evoked by a small amount of Ca 2ϩ influx through the L-type Ca 2ϩ channel. However, a Ca 2ϩ spark could not be observed in fetal myocytes where the L-type Ca 2ϩ channels and the Ca 2ϩ release channels were active [35] . Therefore the distance between both channels is important for the generation of Ca 2ϩ spark. To examine the spatial relationship between both channels during development, we used an immunofluorescence study with antibodies for both channels [35] . In fetal myocytes, uniform ryanodine receptor (RyR, SR Ca 2ϩ release channel) and DHP receptor (DHPR, L-type Ca 2ϩ channel) labelings were observed, but a colocalization of both channels was not clear. In 7-d neonatal myocytes, a colocalization of the DHPR and RyR was predominant in the periphery of the cell. In 14-d neonatal myocytes, the colocalization appeared in the periphery and centers of the cells. In 18-d neonatal myocytes, the distributions of DHPR and RyR were regularly spaced and colocalized according to a completely developed T-tubule network. Therefore a colocalization of both channels may be produced by the formation of a T-tubule network. To confirm the importance of a Ttubule network for the establishment of the Ca 2ϩ spark, we treated adult myocytes with glycerol to specifically destroy the T tubules. After treatment with glycerol, the Ca 2ϩ sparks were not observed, though they were constantly observed before treatment. Thus a T-tubule network is important to the maintenance of the colocalization of the L-type Ca 2ϩ and the Ca 2ϩ release channels.
Model of excitation-contraction coupling in fetal myocytes and its development
Dynamic changes in the E-C coupling process occur during the development of the heart (Fig. 1) -ATPase (SERCA2) mRNA and its activity both increase during postnatal development. Furthermore, the expression of the SR Ca 2ϩ release channel in rat and rabbit hearts increases during postnatal growth [10, 28] .
The spanning protein (foot protein) has been proposed to exist for E-C coupling to work effectively. This protein would couple the L-type Ca 2ϩ channel in the T-tubule wall membrane to the Ca 2ϩ release channel in the SR membrane and may be absent in the immature heart [4] . It is probable that the foot protein keeps a short distance between both channels. Another protein, termed junctophilin-2, linking the SR membrane with the T-tubule wall membrane has been discovered [ 
